1. Introduction {#s0005}
===============

Metabolic syndrome (MetS) is defined as the constellation of three or more risk factors for atherosclerotic cardiovascular disease and type 2 diabetes mellitus ([@bb0055], [@bb0130]). Component risk factors may include abdominal obesity, hypertension, dyslipidemia (low levels of high-density lipoprotein cholesterol (HDL-C) and high levels of triglycerides), and hyperglycemia (high levels of glucose) ([@bb0125]). There is considerable evidence that the presence of MetS imparts augmented risk for stroke, cerebrovascular disease, cognitive decline, and dementia ([@bb0220], [@bb0250], [@bb0260], [@bb0370], [@bb0390], [@bb0400]). However, while the individual risk factors that comprise MetS have been linked to alterations in the structural integrity of the brain, less is known about the effects of MetS per se on brain structure ([@bb0115]). Highly prevalent in the adult U.S. American population, with estimates ranging between 23% and 35%, MetS is projected to remain a serious public health concern ([@bb0005], [@bb0020], [@bb0135]). Therefore, it is critical to understand how MetS affects brain structural integrity, particularly since its component risk factors can be modified via lifestyle changes and pharmaceutical treatment ([@bb0055], [@bb0130]).

The component risk factors have been linked to brain tissue alterations in both white and gray matter ([@bb0115], [@bb0205], [@bb0285], [@bb0330], [@bb0355], [@bb0365], [@bb0375]). As a sensitive marker of gray matter integrity, cortical thickness (CT) can provide information on cortical atrophy and has been employed in studies of cognitive function ([@bb0255], [@bb0330]), aging ([@bb0105], [@bb0280]), neurodegenerative disease ([@bb0165], [@bb0305]), small vessel disease ([@bb0255], [@bb0265]), type 2 diabetes mellitus ([@bb0035], [@bb0325]), as well as in individual MetS risk factors ([@bb0010], [@bb0035], [@bb0155], [@bb0190], [@bb0205], [@bb0305], [@bb0345], [@bb0355], [@bb0365]). Using this metric to investigate neural health in generally healthy older adults, [@bb0205] reported significant negative associations between intra-individual variations in blood pressure (BP) factor scores (comprising systolic and diastolic BP) and quantitative measures of CT in frontal and temporal regions. In contrast, they also observed significant positive associations between a cholesterol factor (comprising total cholesterol and low-density lipoprotein cholesterol) and CT in widespread regions that prominently included frontal, parietal, and temporal cortices. Positive relationships in similar regions were reported for other lipid factors ([@bb0190]), for visceral fat in adolescents ([@bb0290]), and for central adiposity in right posterior cingulate gyrus ([@bb0180]). Only a very limited number of studies have been published that have examined CT specifically in MetS cohorts, reporting regionally reduced CT in left insular, postcentral, and entorhinal and in bilateral superior parietal regions ([@bb0320]). More recently, [@bb0230] reported reduced CT of both hemispheres as well as in bilateral medial temporal lobe structures, which were chosen as regions of interest, relative to control groups. Similar observations have been made in related cohorts, for example, higher empirically-derived MetS severity scores (representing individual differences in MetS severity) were associated with reduced CT in orbitofrontal, temporal, cingulate, and occipital regions in U.S. military veterans ([@bb0380]). Another study found that a greater number of MetS risk factors was associated with reduced CT in an inferior frontal region ([@bb0180]), although that relationship was mediated by a marker of inflammation. Furthermore, a greater number of vascular risk factors (represented as summative indices) was related to reduced CT measures in frontal and temporal regions in participants with mild cognitive impairment ([@bb0330]). Taken together, studies with both individual risk factors and with MetS suggest that vascular risk may affect CT in a regionally specific manner, including frontal, temporal and parietal regions. Given the sparse literature, it is currently not well understood in which way the component and co-occurring risk factors might contribute to these changes.

Composite measures like severity scores and risk factor counts, however, make it more difficult to assess which MetS components might be contributing more to altered gray matter integrity than others. Indeed, this is an important direction as empirical factor analytic studies have shown that MetS risk factors tend to cluster in specific patterns ([@bb0235], [@bb0380]). For example, indices of insulin resistance (e.g., fasting blood insulin and glucose) often load on those factors that include measures of hyperglycemia, obesity, or dyslipidemia, and importantly, they load on more than one factor across studies ([@bb0120], [@bb0145], [@bb0150], [@bb0235], [@bb0240], [@bb0275], [@bb0310]). Interestingly, BP most often emerges as a unique factor that only infrequently loads together with other variables ([@bb0145], [@bb0235], [@bb0275]). That these studies yield more than one factor on which these variables converge suggests that there are separate disease mechanisms involved ([@bb0235]). Examining whether there are particular patterns in which risk factors are related to alterations in CT might provide novel information on underlying pathophysiological processes in MetS. Accordingly, here we extend prior investigations and explore the relative contributions of component risk factors, in context of each other, to identify associations to CT in a MetS cohort.

The current cross-sectional study aimed to examine the integrity of cerebral gray matter, measured as CT across the entire cortical mantle, in participants with MetS. Based on prior findings in MetS and related cohorts and considerable literature examining the individual risk factors, we hypothesized that, overall, individuals with MetS would demonstrate primarily reduced CT in frontal, temporal, and parietal cortices relative to a control group ([@bb0180], [@bb0205], [@bb0230], [@bb0320], [@bb0380]). However, since positive associations between CT and lipid factors and adiposity have been reported as well, regionally greater CT might also be identified ([@bb0185], [@bb0190], [@bb0205], [@bb0290]). Consequently, a second aim was to use a partial least squares correlation (PLS) analysis to determine *which* risk factors may be most affiliated with patterns of CT in MetS-related brain regions. In doing so, we hope to shed light on whether there are particular combinations of risk factors underlying a MetS diagnosis that are particularly detrimental to cortical gray matter integrity.

2. Methods {#s0010}
==========

2.1. Participants {#s0015}
-----------------

Thirty-six participants of an initial sample of 59 were included in the group comparison to determine regions of MetS-related CT alterations and 53 participants were included in subsequent PLS analyses. Individuals were enrolled from direct clinic recruitment via the Veterans Administration Healthcare Services to target those at high risk for MetS, as well as through advertisement in the greater Boston, Massachusetts (USA) metropolitan area. Inclusion criteria required participants to be English speakers and between the ages of 30--90. Exclusion criteria encompassed significant medical disease (e.g., overt cardiovascular disease), neurological disorders (e.g., Parkinson\'s disease or dementia), prior major surgery (e.g., brain or cardiac surgery), head trauma (e.g., loss of consciousness for \> 30 min), history of severe or current psychiatric disorders (e.g., schizophrenia or major depressive disorder), history or current diagnosis of drug abuse or dependence, or any contraindication to magnetic resonance imaging (MRI).

From the initial sample of 59, four participants were excluded due to having insufficient physiological data to determine group assignment. The remaining cohort of 55 individuals was dichotomized into participants with and without MetS. While the HDL-C and waist circumference measurements were missing from two participants respectively, this did not affect group assignment as whether or not meeting MetS criteria could be determined from the remaining risk factor measures. Finally, 53 participants had a complete risk factor data set. MetS was defined as meeting thresholds for three or more of the following risk factors: 1) elevated waist circumference ≥ 102/88 cm or ≥ 40/35 in (men/women), 2) elevated triglycerides ≥ 150 mg/dL or drug treatment for elevated triglycerides, 3) reduced HDL-C \< 40/50 mg/dL (men/women) or drug treatment for reduced HDL-C, 4) elevated systolic BP ≥ 130 mm Hg or diastolic BP ≥ 85 mm Hg or drug treatment for hypertension, and 5) elevated fasting plasma glucose ≥ 100 mg/dL or drug treatment for elevated glucose ([@bb0125]). Eighteen participants (33%) were identified as having MetS. Subsequently, 18 of the remaining 37 control participants (defined as having two or less risk factors) were pair-wise matched on age to the MetS participants to form a cohort of a total of 36 participants for the between-group comparison.

The study was approved and monitored by the Institutional Review Board of the Veterans Administration Boston Healthcare System (VA), Jamaica Plain, MA, USA. All participants provided informed consent prior to study procedures.

2.2. Assessment of participant characteristics {#s0020}
----------------------------------------------

Waist circumference measurements were taken to the nearest centimeter after normal expiration with a measuring tape placed around the abdomen at the level of the umbilicus with the participant standing. Two systolic and diastolic BP measurements were acquired in the seated position after 5 min of rest, with the arm resting at the level of the heart, using a standard sphygmomanometer. The average of the two systolic BP values and the average of the two diastolic BP values were used in the analyses below. Triglycerides, HDL-C, and plasma glucose measurements were extracted from a fasting (12 h overnight) blood sample (Quest Diagnostics, Cambridge, MA, USA). Medications to treat hypertension, hyperglycemia, and dyslipidemia were recorded via self-report. A body mass index was calculated as kg/m^2^ and presented only to enable comparison with previous literature (this measure was missing for one participant in the control group).

2.3. Structural data acquisition and analysis {#s0025}
---------------------------------------------

### 2.3.1. Image acquisition {#s0030}

Two high-resolution 3D T1-weighted structural scans in the sagittal plane were acquired on 3 Tesla Siemens TIM TRIO scanners (Erlangen, Germany), employing a transmission body coil and a 32-channel reception head coil, using a magnetization prepared rapid acquisition gradient echo protocol (MPRAGE; repetition time = 2530 msec, echo time = 1.64 msec, inversion time = 1200 msec, flip angle = 7°, field of view = 256 × 256 mm, acquisition matrix 256 × 256, 176 contiguous slices, voxel size = 1 × 1 × 1 mm). Using the same scanner model and sequence parameters, 15/18 participants in the MetS group and 15/18 participants in the control group were scanned at the Athinoula A. Martinos Center for Biomedical Imaging, Charlestown, MA, USA. Study funding was shifted at this point, and therefore, the remaining participants were scanned at the VA. Sequences were copied and transferred from the Massachusetts General Hospital to the VA to minimize any scanner-related differences ([@bb0140], [@bb0385]).

### 2.3.2. Cortical thickness estimation {#s0035}

CT measurements across the entire cerebral surface were obtained in a standardized and automated way using the "recon-all" pipeline of the open source FreeSurfer software suite (version 5.3.0, <http://surfer.nmr.mgh.harvard.edu>, Athinoula A. Martinos Center for Biomedical Imaging, Charlestown, MA, USA) ([@bb0065]). Both structural scans were motion-corrected and averaged, yielding a single image volume with high contrast-to-noise ratio. This volume was then subjected to automated Talairach transformation, removal of non-brain tissue ([@bb0295]), segmentation of subcortical white matter and deep gray matter volumetric structures ([@bb0090], [@bb0095]), intensity normalization ([@bb0315]), and white matter segmentation. Surface processing included triangular tessellation of the gray and white matter boundary, automated topology correction ([@bb0085], [@bb0300]), and surface deformation optimally placing the gray/white matter and gray matter/cerebral spinal fluid borders along shifts in intensity gradients across tissue classes ([@bb0045], [@bb0040], [@bb0070]). Resulting surface models were inspected for each participant and manually edited by a trained rater (LKN) when necessary (e.g., misclassification of gray/white matter boundaries). In case of edits, these models were re-estimated. Surfaces were then inflated, registered to a spherical atlas to enable comparison across participants ([@bb0075], [@bb0080]) and cortical parcellations were derived ([@bb0050], [@bb0100]).

A continuous measure of CT was calculated as the closest distance between the gray/white matter boundary to the gray matter/cerebrospinal fluid boundary at each vertex across the entire cortical mantle ([@bb0070]). Only the thickness of the neocortical mantle (i.e., excluding subcortical structures such as thalamus) was included in the analysis. CT measurements were mapped and visualized on the pial surface of the participant\'s reconstructed brain and then smoothed across the surface using a circularly symmetric Gaussian kernel with a full width at half maximum of 10 mm ([@bb0040], [@bb0075]). Maps of individual participants were then averaged to provide an average measure of CT at each vertex. Since the gray matter boundary is estimated from the white matter boundary deforming outwards to the pial surface, FreeSurfer\'s segmentation method is not sensitive to gray matter atrophy. Support for this comes from the replication of age-related patterns of cortical thinning across within-study independent samples ([@bb0280]). Therefore, correction for intra-cranial volume was not performed.

The procedures employed by FreeSurfer have been validated against histological analysis ([@bb0270]) and manual measurements ([@bb0200], [@bb0280]) and show good test-retest reliability across scanner manufacturers and field strengths ([@bb0140], [@bb0175], [@bb0385]).

### 2.3.3. Statistical analyses {#s0040}

Between-group differences in age, years of education, number of risk factors, waist circumference, triglycerides, HDL-C, systolic and diastolic BP, fasting blood glucose, and body mass index were examined either with independent-sample Student\'s *t*-tests (for normally distributed data as assessed with a Shapiro-Wilk test), the Wilcoxon rank-sum test with continuity correction (for non-normally distributed data), or the Welch\'s *t*-test (when there was a significant group difference in variance as assessed with an F-test). Fisher\'s exact tests were employed to examine group differences on categorical variables, including gender, ethnicity, and type of medication used. Statistical analyses are two-tailed with an alpha level set at *p* \< 0.050 and carried out in R (Version 3.2.2) ([@bb0335]).

Between-group differences in CT were examined with a general linear model (GLM) at each vertex across the whole brain surface (FreeSurfer\'s "mri_glmfit"). The vertex-wise and cluster-forming thresholds were set at *p* \< 0.050 and resulting maps were then cluster-wise corrected for multiple comparisons with pre-computed Monte-Carlo simulations of 10,000 iterations that are provided with the FreeSurfer suite ("mri_glmfit-sim"). Cohen\'s *d* effect size maps were calculated by dividing the difference between the group means by the pooled standard deviation and vertices with *d* \> 0.5 displayed in [Fig. S.1](#f0015){ref-type="graphic"}A (in Supplements). Unstandardized effect size maps were generated simply as the group differences in CT to present the magnitude of the effects in a more intuitive metric. Vertices with CT differences between 0.1 and 0.4 mm are shown in [Fig. S.1](#f0015){ref-type="graphic"}B (in Supplements). Ad-hoc independent samples Student\'s *t*-tests were carried out to examine average CT of the right and the left hemisphere and cortical gray and white matter volumes to provide support that observed clusters are regionally specific and not due to global structural differences between the groups. As the groups have an equal and only limited number of individuals scanned at a different location (i.e., 3/18 in each group were scanned at the VA) no additional analysis including scan location as a covariate was carried out. Prior studies have shown minimal effects of different MRI instrument parameters on CT measurements ([@bb0140], [@bb0385]).

Follow-up multivariate PLS analyses were used to investigate how individual MetS risk factors relate to average CT in GLM-derived clusters that are associated with MetS ("Behavioral PLS" from the PLS toolbox version 6.15.1 run in MATLAB version R2015b; <https://www.rotman-baycrest.on.ca/pls>). PLS analyses are well suited for highly correlated dependent variables, which might be expected when the patterns of CT are similar across clusters ([@bb0225]). Data from the full sample with complete risk factor measurements (i.e., 53/55 participants) were entered as continuous measures. Systolic and diastolic BP were both included, yielding six MetS risk factor components. In this data-driven analysis, the correlation between CT in the GLM-derived clusters and individual MetS risk factor components was computed and singular value decomposition was performed on this correlation matrix to determine orthogonal latent variables that maximize the covariance between these two sets of data ([@bb0225]). The statistical significance (set at *p* \< 0.050) of latent variables was computed with permutation tests (10,000 samples without replacement), producing a sampling distribution of singular values under the null hypothesis that the effects associated with the latent variable are not different from random noise. The use of permutations allows interpretation similar to a random-effects model. The reliability of CT clusters contributing to a given significant latent variable was determined via bootstrap resampling (10,000 times with replacement) of the associated saliences to estimate their standard error. Confidence intervals (95%) for the correlation between latent variables and MetS risk factors were derived from the bootstrap distribution. Bootstrap ratios, computed as salience-to-salience standard error (i.e., across the bootstrap samples), can be treated as approximately equivalent to *z*-scores ([@bb0225]). CT clusters were considered reliable contributors if bootstrap ratios were ≥ 2.0 (1.96 rounded), a value frequently used in the PLS literature ([@bb0195], [@bb0245], [@bb0330]). The use of permutation and bootstrap techniques make this analysis approach statistically robust. Since permutations are performed on the CT and MetS risk factor matrices simultaneously and bootstrapping is performed to assess the reliability of effects (i.e., not representing a statistical test), multiple testing correction is not necessary ([@bb0225], [@bb0330]). A control PLS analysis was performed, including the participant\'s age as a predictor in the model, as MetS risk factors as well as CT in these brain regions have been associated with this variable. The goal was to determine whether age could be dissociated as a driving factor to the observed correlation pattern.

The *p*-values of all significance tests (except for the GLM) implemented in this study were adjusted using the false discovery rate (FDR; "p.adjust" included in R\'s "stats" package) and presented following the original *p*-values in [Table 1](#t0005){ref-type="table"} or in the text.Table 1Participant characteristics in each group.Table 1MetS (N = 18)Control (N = 18)Significance testsAge (years)59.78 ± 12.75 (32--79)60.50 ± 12.38 (34--79)Student\'s *t*(34) = 0.17, *p* = 0.864 (*p* = 0.912)\
CI = − 7.79 to 9.24Gender (women/men)6/124/14Fisher\'s exact test *p* = 0.711 (*p* = 0.795)Ethnicity African American54Fisher\'s exact test *p* = 0.711 (*p* = 0.795) Asian10 White1214Education (years)14.33 ± 1.81 (12--18)15.44 ± 2.45 (12 − 20)Student\'s *t*(34) = 1.54, *p* = 0.132 (*p* = 0.205)\
CI = − 0.35 to 2.57Number of risk factors[a](#tf0005){ref-type="table-fn"}3.67 ± 0.69 (3--5)1.17 ± 0.86 (0--2)Wilcoxon = 0, ***p*** = **0.000** (*p* = 0.000)Waist circumference (cm)113.00 ± 14.04 (92--141)94.50 ± 11.31 (71--110)Student\'s *t*(34) = − 4.35, ***p*** = **0.000** (*p* = 0.000)\
CI = − 27.13 to − 9.87Triglycerides (mg/dL)[b](#tf0010){ref-type="table-fn"}162.28 ± 69.12 (51--324)82.44 ± 28.42 (42--132)Welch\'s *t*(22.59) = − 4.53, ***p*** = **0.000** (*p* = 0.000) CI = − 116.31 to − 43.36HDL-C (mg/dL)[c](#tf0015){ref-type="table-fn"}44.82 ± 12.77 (25--76)57.28 ± 14.05 (35--80)Student\'s *t*(33) = − 2.74, ***p*** = **0.010** (*p* = 0.027)\
CI = 3.20 to 21.71Systolic BP (mm Hg)131.50 ± 13.36 (100--161)120.22 ± 15.59 (97--160)Student\'s *t*(34) = − 2.33, ***p*** = **0.026** (*p* = 0.055)\
CI = − 21.11 to − 1.44Diastolic BP (mm Hg)80.89 ± 13.51 (60--114)77.22 ± 9.48 (52--93)Student\'s *t*(34) = − 0.94, *p* = 0.353 (*p* = 0.479)\
CI = − 11.57 to 4.24Fasting blood glucose (mg/dL)[b](#tf0010){ref-type="table-fn"}121.67 ± 48.76 (90--303)89.83 ± 15.47 (56--117)Welch\'s *t*(20.39) = − 2.64, ***p*** = **0.016** (*p* = 0.038)\
CI = − 56.95 to − 6.17BMI (kg/m^2^)[b](#tf0010){ref-type="table-fn"}, [d](#tf0020){ref-type="table-fn"}33.67 ± 5.52 (26--44)25.06 ± 3.11 (20 − 31)Welch\'s *t*(27.10) = − 5.72, ***p*** = **0.000** (*p* = 0.000)\
CI = − 11.69 to − 5.52Medication (taking) Triglycerides62Fisher\'s exact test *p* = 1.000 (*p* = 1.000) HDL-C00 Glucose20 BP105[^2][^3][^4][^5][^6]

3. Results {#s0045}
==========

3.1. Participants {#s0050}
-----------------

In the MetS group, eight (44%) participants met thresholds for three risk factors, seven (39%) met thresholds for four, and two (11%) participants met thresholds for all five risk factors (note that one participant did not have the HDL-C measure, and therefore, an exact risk factor count could not be calculated). Waist circumference was most often (N = 16/89%) met, followed by BP (N = 15/83%), triglycerides (N = 14/78%), glucose (N = 12/67%), and HDL-C (N = 9/50%). In the control group, five (28%) participants did not meet any of the risk factor thresholds, five (28%) met one, and eight (44%) participants met thresholds for two risk factors. BP was the most common risk factor (N = 8/44%) observed, followed by waist circumference (N = 6/33%), glucose (N = 4/22%), triglycerides (N = 2/11%), and HDL-C (N = 1/6%). Consistent with prior literature and in expected directions, the groups significantly differed in the number of risk factors, waist circumference, HDL-C, triglycerides, glucose, and body mass index (the latter only provided to enable comparison with other studies). They also significantly differed on systolic but not diastolic BP. There were no significant group differences in the use of medication for BP, dyslipidemia, and hyperglycemia. The groups did not significantly differ in age, gender distribution, or years of education ([Table 1](#t0005){ref-type="table"}).

3.2. Imaging {#s0055}
------------

The primary whole-brain between-group GLM analysis revealed three clusters in the left and one cluster in the right hemisphere that survived multiple comparison correction. The MetS group demonstrated significantly reduced CT relative to the control group in 1) a left inferior parietal cluster extending into middle temporal regions, 2) a left rostral middle frontal cluster extending into inferior frontal regions, 3) a left lateral occipital cluster, and 4) a cluster in right precentral gyrus that spans postcentral and superior parietal regions ([Fig. 1](#f0005){ref-type="fig"}A and B and [Table 2](#t0010){ref-type="table"}). These results appear to be regionally specific and not due to global structural differences as the groups did not significantly differ in average CT in the left (*t*(34) = 1.71, *p* = 0.096 (FDR-adjusted *p* = 0.182), confidence interval (CI) = − 0.01--0.14) nor right (*t*(34) = 1.51, *p* = 0.140 (FDR-adjusted *p* = 0.205), CI = − 0.02--0.13) hemisphere and neither in gray (*t*(34) = 1.57, *p* = 0.127 (FDR-adjusted *p* = 0.205), CI = − 7175.09--55,387.80) nor white (*t*(34) = 0.87, *p* = 0.391 (FDR-adjusted *p* = 0.495), CI = − 25,849.65--64,537.48) matter volumes. Furthermore, CT averages of the three participants per group scanned at the VA fell within two standard deviations of their respective group averages (shape-coded in [Fig. 1](#f0005){ref-type="fig"}B). There were no regions in which the MetS group had significantly thicker gray matter relative to the control group.Fig. 1A. Significantly reduced cortical thickness (CT) in the Metabolic Syndrome (MetS) group in left 1) inferior parietal, 2) rostral middle frontal, 3) lateral occipital regions, and right 4) precentral regions relative to the control group as assessed with a whole-brain general linear model (GLM). The significance map is presented on the pial surface of an average brain ("fsaverage", provided by FreeSurfer) with dark gray representing sulci and light gray representing gyri. The color scale indicates *p*-values (thresholded at vertex- and cluster-wise *p* \< 0.050). Results were multiple comparison corrected with Monte-Carlo simulations. See [Table 2](#t0010){ref-type="table"} for more information. B. Average CT in the GLM-derived clusters. Horizontal lines indicate group means. Symbols without color filling indicate participants scanned at the Veterans Administration Boston Healthcare System (VA).Fig. 1Table 2Summary information on clusters that survived multiple comparison correction.Table 2Cortical regionAverage cortical thickness (mm)[a](#tf0025){ref-type="table-fn"}Number of verticesCluster size (mm^2^)Maximum *t*-valueTalairach[b](#tf0030){ref-type="table-fn"} (x y z)Control (N = 18)MetS (N = 18)*LH* Inferior parietal (1)2.09 ± 0.141.92 ± 0.1322451311.27− 4.69− 31.9 − 73.1 22.8 Rostral middle frontal (2)2.30 ± 0.152.11 ± 0.151286871.28− 3.66− 40.2 26.4 15.2 Lateral occipital (3)2.29 ± 0.142.10 ± 0.121481823.45− 3.25− 41.4 − 63.8 4.7*RH* Precentral (4)2.02 ± 0.141.82 ± 0.1534491436.09− 3.5034.4 − 20.2 49.0[^7][^8][^9]

As expected, the standardized (i.e., Cohen\'s *d*) and unstandardized (i.e., CT group differences) effect size maps encompass the GLM clusters but also reveal strong effects bilaterally in portions of frontal, temporal, parietal, and occipital regions (Supplement [Fig. S.1](#f0015){ref-type="graphic"}A and B). Furthermore, the maps illustrate a predominance of reduced CT in the MetS group relative to the control group. In contrast to the GLM results, effect sizes indicating greater CT in the MetS group were also seen in a few regions, for example in cingulate cortex or in bilateral anterior fusiform gyrus although the latter did not emerge in the Cohen\'s *d* maps at the chosen threshold. Overall, the effect size maps suggest larger and more distributed regions of robust effect magnitude wherein the groups might differ in CT compared to the GLM results. The relatively weaker outcome from the GLM may be due to the small sample size. In addition, the CT differences between the groups \> 0.1 mm (with largest values of 0.4 mm) in the present study are sizable and well in-line with previous literature in MetS ([@bb0320]) and other populations ([@bb0035], [@bb0155], [@bb0255], [@bb0280], [@bb0305]).

FDR-correction across *p*-values of all statistical tests (except the GLM) carried out in this study did not change the results except for the group difference in systolic BP, which was reduced to trend-level after correction ([Table 1](#t0005){ref-type="table"}).

3.3. Partial least squares correlation {#s0060}
--------------------------------------

The follow-up PLS analysis revealed one significant latent variable (*p* \< 0.001; FDR-adjusted *p* = 0.003) that accounted for 97% of the covariance between average CT in the GLM-derived clusters and MetS risk factor components (for sample characteristics see [Table 3](#t0015){ref-type="table"}). CT saliences, representing the strength of the CT cluster contribution, were reliably associated with the latent variable as indicated by bootstrap ratios of 2.99 for the left inferior parietal, 3.05 for the left rostral middle frontal, 3.97 for the left lateral occipital, and 3.09 for the right precentral cluster. This analysis revealed that these brain regions were associated with a subset of risk factors, shown in [Fig. 2](#f0010){ref-type="fig"}A, which illustrates the correlation between individual risk factor components and the latent variable. The correlations are mostly in expected directions, with larger values for waist circumference, triglycerides, and glucose being associated with reduced CT. The relationship should be opposite for HDL-C, wherein lower values are indicative of poorer health, which is indeed observed. Interestingly, the correlations for the two BP measures differed in their relationship to gray matter integrity; higher systolic BP was associated (although only weakly) with reduced CT while higher diastolic BP was associated with greater CT. Of the six risk factor components included in the model, waist circumference, triglycerides, HDL-C, glucose, and diastolic BP were significant contributors to the latent variable as indicated by confidence intervals (represented by error bars in [Fig. 2](#f0010){ref-type="fig"}A) not crossing the horizontal line (i.e., excluding zero). None of the significantly associated risk factor indices contributed separately relative to the others as indicated by overlapping confidence intervals (inverting HDL-C and diastolic BP to match the positive association between elevated levels on other variables and reduced CT was used to confirm the non-overlap). Therefore, waist circumference, HDL-C, triglycerides, glucose, and diastolic BP were interpreted as common contributors to the latent variable. [Fig. 2](#f0010){ref-type="fig"}B shows scatterplots illustrating the relationships between the significant latent variable and raw values of the six risk factor components. Results did not change when age was included in the model ([Fig. 2](#f0010){ref-type="fig"}A). One significant latent variable (*p* \< 0.001; FDR-adjusted *p* = 0.003) accounted for 97% of the covariance between the sets of data. Bootstrap ratios were 3.17 for the left inferior parietal, 2.98 for the left rostral middle frontal, 4.24 for the left lateral occipital, and 3.27 for the right precentral cluster. As before, waist circumference, triglycerides, HDL-C, glucose, and diastolic BP remained significant contributors to this association pattern.Fig. 2A. Significant latent variable from the partial least squares correlation (PLS) analysis that maximizes the covariance between cortical thickness (CT) in the clusters derived from the whole-brain general linear model (GLM; [Fig. 1](#f0005){ref-type="fig"}A) and individual risk factors for Metabolic Syndrome (MetS). Shown are the correlations between "brain scores" (representing how well clusters contribute to the overall latent variable pattern) and raw values of MetS risk factors, as indicated with gray bars, and when age was included in the model, with white bars. WC = waist circumference; TRIG = triglycerides; HDL = high-density lipoprotein cholesterol; GLUC = fasting blood glucose; s = systolic and d = diastolic BP = blood pressure. Error bars represent 95% confidence intervals (CI) and indicate the significance of the relationship between the latent variable and MetS risk factor and age variables. Risk factors with error bars crossing the horizontal axis are not significant contributors to the latent variable. Of note is the minimal change in correlation magnitude and CI size between the two PLS analyses. See [Table 3](#t0015){ref-type="table"} for sample characteristics. B. Raw values of MetS risk factor components plotted against brain scores. Group membership of participants is indicated to provide additional information; symbols without color filling indicate participants scanned at the Veterans Administration Boston Healthcare System (VA). Note: high-density lipoprotein cholesterol is expected to show a positive relationship as lower values on this variable indicate worse health.Fig. 2Table 3Characteristics of the cohort (N = 53) included in the partial least squares correlation analyses.Table 3Age (years)59.85 ± 13.82 (30--85)Gender (women/men)20/33Ethnicity African American13 American Indian1 Asian1 White38Education (years)15.13 ± 2.35 (11 − 20)Number of risk factors1.98 ± 1.39 (0--5)Waist circumference (cm)99.21 ± 16.36 (70--141)Triglycerides (mg/dL)108.62 ± 57.52 (42--324)HDL-C (mg/dL)54.72 ± 16.04 (25--100)Systolic BP (mm Hg)123.09 ± 16.24 (87--160)Diastolic BP (mm Hg)76.43 ± 11.21 (52--100)Fasting blood glucose (mg/dL)96.28 ± 18.80 (55--160)Body Mass Index (kg/m^2^)[a](#tf0035){ref-type="table-fn"}28.49 ± 6.06 (20--45)Risk factor prevalence: Blood pressure31 Waist circumference26 Triglycerides20 Fasting blood glucose17 HDL-C11Inferior parietal (1)2.00 ± 0.16Rostral middle frontal (2)2.20 ± 0.16Lateral occipital (3)2.19 ± 0.15Precentral (4)1.93 ± 0.17Mediation (taking) Triglycerides13 HDL-C0 Glucose2 Blood pressure21[^10][^11]

4. Discussion {#s0065}
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The main findings of the current study were twofold. First, we observed significantly reduced CT in the MetS group in both hemispheres: in left rostral middle frontal, inferior parietal, and lateral occipital and right precentral regions, providing support for the notion that MetS may have negative effects on gray matter integrity. Second, a follow-up PLS analysis revealed that, of the six MetS risk factor components (BP was stratified into systolic and diastolic BP), waist circumference, triglycerides, HDL-C, glucose, and diastolic BP were significantly associated with CT in those clusters, whereas systolic BP and age were not associated. These results provide a novel link between a particular MetS risk factor profile and localized alterations in gray matter integrity, suggesting that there may be a specific risk factor combination that increases vulnerability for damage to aspects of brain structure. Our results can direct future investigations examining underlying pathophysiological mechanisms by which MetS risk factors may impact brain health.

Reduced CT in the right precentral cluster in the MetS group observed here closely approximates, spatially, the superior parietal cluster reported in a prior study in a MetS cohort, although we did not detect their findings in the left hemisphere ([@bb0320]) or in medial temporal lobe structures described in another study ([@bb0230]). However, we identified reduced CT in additional regions in left hemisphere frontal and occipital cortices. The effect size maps presented here show distributed patterns of moderate to large effects, replicating and extending the observations of reduced CT in the MetS groups in those prior studies. Interestingly, they also exhibit regions of greater CT in the MetS group relative to the control group. It remains to be seen if and in which manner risk factors may relate to this opposite pattern, although cholesterol ([@bb0205]), lipid factors ([@bb0190]), and adiposity ([@bb0290]) may play a role considering their linking to greater CT in community samples. The differential findings between the present and prior investigations may be due to particular cohort characteristics reflecting variations in MetS severity across studies. Our MetS group has larger waist circumference and demonstrates higher levels of glucose and triglycerides in comparison to [@bb0320] and a greater number of risk factors but smaller waist circumference and lower systolic BP (glucose and lipid data were not presented) compared to [@bb0230]. It is conceivable that our results might represent brain regions that are susceptible to greater MetS-related pathology. A previous study reported an association between greater MetS severity scores and reduced CT in an overlapping region in left inferior parietal cortex in U.S. military veterans ([@bb0380]). As such, the present findings partly support, and putatively extend, the currently sparse literature delineating MetS effects on gray matter structure.

Individual risk factors have been linked to alterations in gray matter thickness in similar regions as observed here. Hypertension has been associated with reduced CT in frontal, temporal, and parietal cortices in older community samples ([@bb0205], [@bb0365]) and participants with cognitive impairment ([@bb0305]), with frontal and parietal regions approximating or overlapping with the present results. Measures of obesity have shown associations with reduced CT in frontal and parietal cortices ([@bb0155], [@bb0355]) and in inferior parietal cortex ([@bb0355]), the latter overlapping with our result. However, some studies did not find effects related to body mass index ([@bb0190], [@bb0365]), while others have identified greater CT in relation to visceral fat in adolescents in portions of frontal and superior parietal cortices comparable to the present study ([@bb0290]) and in posterior cingulate cortex in middle-aged adults ([@bb0185]). Diabetes has been related to decreased CT in frontal, temporal, and parietal cortices ([@bb0305], [@bb0325], [@bb0345]) but fasting blood glucose, as part of a factor score, was not related to CT in a community sample ([@bb0205]). Discrepancies across studies may, in part, arise from the particular measure collected to index metabolic and vascular risk factors, and how these measures were included in analyses. For example, relationships between higher levels of HDL-C and reduced CT were reported in the occipital lobe ([@bb0345]), while factor scores that included HDL-C did not show significant associations ([@bb0190], [@bb0205]). In contrast, levels of serum total cholesterol ([@bb0365]) were not related to CT, while factor scores including total cholesterol, low-density lipoprotein cholesterol, or very low-density lipoprotein cholesterol were related to increased CT, spanning parts of the cerebral cortex that include regions reported here ([@bb0190], [@bb0205]). Similar mixed results were reported for factors including triglyceride levels ([@bb0190], [@bb0205]) and studies employing different indices of obesity ([@bb0185], [@bb0190], [@bb0290]). Including both BP indices jointly as a factor showed a negative relationship to CT ([@bb0205]), yet when examined separately, higher diastolic BP was affiliated with greater global and frontal lobe CT while no effects were identified for systolic BP ([@bb0325]). This observation is in agreement with our findings. Divergent associations of metabolic factors have been reported in white matter microstructure as well and allude to competing disease mechanisms ([@bb0360]). The mechanisms underlying a pathophysiological impact of MetS on cortical gray matter are likely complex. Therefore, a complementary approach to studying MetS risk factors as components of factor scores or in isolation is to examine their contributions in context of each other.

To address this issue, a follow-up multivariate PLS analysis, incorporating continuous physiological raw data, was used to identify association patterns between MetS risk factors and CT. Of the six MetS risk factor components, elevations in waist circumference, triglycerides, glucose, lower levels of HDL-C, and higher diastolic BP demonstrated a significant relationship to CT in brain regions in which the MetS group had significantly reduced gray matter thickness relative to the control group. These observations are in line with the currently accepted definition of MetS comprising these risk factors ([@bb0125]) and fit with previous factor analyses of metabolic and vascular variables ([@bb0120], [@bb0145], [@bb0205], [@bb0235], [@bb0240], [@bb0275]). In particular, a confirmatory factor analysis using a hierarchical four-factor model revealed that insulin resistance (including a fasting glucose measure) and obesity factors showed the strongest associations with a higher-order MetS factor, followed by a moderate association for a lipid factor, while a BP factor was least related ([@bb0310]). While hypertension has been linked to reduced CT in brain regions partly overlapping with the results reported here ([@bb0205], [@bb0305], [@bb0365]), the relationship of BP to other MetS risk factors appears to be most tenuous as it frequently forms a unique component in factor analyses ([@bb0235]), alluding to secondary or separate pathology. Here, we observed a positive affiliation between diastolic BP and CT, which is in accord with prior literature ([@bb0345]). Higher diastolic BP has been associated with increased perfusion in the right temporal cortex in women ([@bb4000]). Together, this suggests that perhaps there is an optimal level of this particular risk factor that can be beneficial to brain health, but the implications for brain health await further examination. In contrast, systolic BP did not emerge as a contributor to the relationship between MetS risk factors and CT. This is consistent with a recent study which found that systolic BP was only associated with right medial temporal lobe structures in middle-aged adults but not when used as a covariate examining CT differences between a MetS and a control group ([@bb0230]). These findings indicate that systolic BP by itself was unlikely to underlie CT group differences in right medial temporal lobe, a conclusion which we here extend to other MetS-related cortical regions. Alternatively, systolic BP may have more pronounced associations in other parts of the cerebral cortex (see [@bb0205]) wherein group differences were not detected or the brain regions described here might show effects stemming from obesity, hyperglycemia, dyslipidemia, and diastolic BP earlier than from systolic BP. Characteristics of the two BP indices, such as high or low levels or the age at which alterations in BP levels appeared, may determine the nature of their influence on CT ([@bb0345], [@bb0365]). Thus, examining systolic and diastolic BP separately may provide a more nuanced understanding of the relationship between BP and CT. Furthermore, the control PLS analysis indicated that age was not associated with this pattern, suggesting that the contributions of these metabolic risk factors exceed potential effects of age. Although aging has been implicated in reduced CT ([@bb0105], [@bb0280]) and has accounted for associations between hypertension and CT ([@bb0010]), it may be that the combination of obesity, hyperglycemia, dyslipidemia, and diastolic BP produces more substantial changes in regional brain morphometry compared to age. Overall, results from the present approach of simultaneously incorporating MetS risk factors in the analysis links previously identified chief pathogenic factors (i.e., obesity, hyperglycemia, dyslipidemia, and to a lesser degree, hypertension) to alterations in gray matter integrity.

There are several potential mechanisms by which obesity, hyperglycemia, dyslipidemia, and diastolic BP may affect gray matter integrity. Association between MetS, obesity, and inflammation are well established ([@bb0015], [@bb0055], [@bb0210]). Inflammatory markers were shown to mediate the relationship between reduced CT and a greater number of MetS risk factors ([@bb0180]) and to differ significantly between lean relative to overweight/obese participants who comprised a sample where indices of obesity were associated with reduced CT in similar left inferior parietal cortex regions reported here ([@bb0355]). Inflammation, obesity, and insulin disturbances have been linked to vascular damage via mechanisms affecting the layers of vessel walls, such as the endothelium ([@bb0210], [@bb0215], [@bb0340]). Vasodilation, including endothelium-dependent vasodilation, was impaired in participants with MetS, and measures of waist circumference, serum triglycerides, blood glucose, and diastolic BP were identified as significant factors in these vascular alterations ([@bb0215]). The risk factor combination observed here is in alignment with these findings. Pathophysiologically, potential underlying mechanisms may be related to impaired vascular integrity resulting in reduced cerebral blood flow and perfusion, and consequentially, in poor oxygenation and shrinking of previously healthy tissue ([@bb0160]). Reduced cerebral blood flow has been documented in participants with MetS ([@bb0025]) and in association with individual risk factors, including waist circumference, triglycerides, glucose, and systolic BP ([@bb0025], [@bb0170]). Indeed, reduced cerebrovascular reactivity was observed in a left lateral occipital cluster, overlapping with the cluster reported here, in participants with type 2 diabetes mellitus and hypertension relative to a hypertension-only group ([@bb0325]). Furthermore, obesity, hyperglycemia, and dyslipidemia have been identified in the development of atherosclerosis ([@bb0210]) and MetS has been associated with cerebrovascular, but not peripheral, atherosclerosis, even after adjusting for a variety of cardiovascular risk factors and hemostatic and inflammatory markers ([@bb0370]). Consequences of vascular disturbances on brain structure are likely multifaceted and may underlie deteriorations in brain structure. Ischemic stroke ([@bb0220]) and previous ischemic ([@bb0250]) and white matter ([@bb0030]) lesions have been associated with hyperglycemia and dyslipidemia in MetS cohorts. Future efforts might examine whether the presently observed risk factor profile shows similar relationships with white matter integrity.

The present results should be interpreted with the following limitations in mind. The cross-sectional design does not allow causal inferences of MetS on CT. Prospective cohort studies designed to investigate brain changes over time would be ideal to examine progressive and reciprocal disease mechanisms that may form a particular MetS profile. Other measures, such as markers of inflammation, should be included to examine the stability and specificity of the risk factor combination comprising obesity, hyperglycemia, dyslipidemia, and diastolic BP to patterns of CT alterations in MetS. While the PLS analysis allows interpretation similar to a random-effects model, enabling preliminary generalizability to a predominantly male Caucasian demographic, different risk profiles may emerge for other ethnic groups ([@bb0005], [@bb0060], [@bb0110]) and is an important direction for future research.

5. Conclusion {#s0070}
=============

In summary, we report reductions in CT in association with MetS, consistent with prior findings, suggesting that MetS may have a regionally specific effect on gray matter. We also observed a risk factor profile that reflects extensive literature delineating obesity, hyperglycemia, dyslipidemia, and diastolic BP as core elements of MetS, and present the novel finding of an association pattern between this risk factor profile and gray matter integrity in brain regions linked to MetS. The present approach may allow for improved sensitivity to further characterize pathophysiological processes underlying MetS, and in that way, facilitating targeted intervention and prevention to counter adverse consequences such as increased morbidity and mortality, including cardiovascular disease, type 2 diabetes mellitus, and cognitive decline ([@bb0130], [@bb0135], [@bb0395], [@bb0400]).

The following is the supplementary data related to this article.Fig. S.1A. Cohen\'s *d* (standardized) effect size maps for the between-group differences in cortical thickness (CT). Vertex-wise Cohen\'s *d* values were based on the between-group general linear model and calculated as the difference in average CT between the Metabolic Syndrome (MetS) and control group divided by the pooled residual standard deviation. Scale indicates Cohen\'s *d* values; cool colors represent greater CT in the control group and warm colors represent greater CT in the MetS group. B. Vertex-wise difference in average CT as unstandardized effects size maps. Scale indicates between-group CT differences (in mm); cool colors represent greater CT in the control group and warm colors represent greater CT in the MetS group.Fig. S.1
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[^7]: LH = left hemisphere and RH = right hemisphere. Numbers next to cortical regions indicate clusters in [Fig. 1](#f0005){ref-type="fig"}A. Anatomical description reflects FreeSurfer naming conventions.

[^8]: Expressed in mean ± standard deviation.

[^9]: Coordinates of maximum *t*-value.

[^10]: Continuous variables are expressed as mean ± standard deviation and (range). cm = centimeter; mg/dL = milligrams per deciliter; HDL-C = high-density lipoprotein cholesterol; mm Hg = millimeters of mercury. Note: two participants from the full study sample (i.e., N = 55) were excluded due to either missing HDL-C or waist circumference measurements.

[^11]: Missing for one participant; body mass index is provided for comparison with other studies.
